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a  b  s  t  r  a  c  t
This article  presents  the evidence  for the signiﬁcant  effect  of  copper  accelerating  the bacterial  inacti-
vation  on  Ti-Nb-Ta-Zr  (TNTZ)  sputtered  ﬁlms  on  glass  up  to a  Cu  content  of 8.3 at.%.  These ﬁlms  were
deposited  by dc  magnetron  co-sputtering  of  an alloy  target  Ti-23Nb-0.7Ta-2Zr  (at.%)  and  a  Cu target.  The
fastest bacterial  inactivation  of  E.  coli on  this  later  TNTZ-Cu  surface  proceeded  within  ∼75 min. The  ﬁlms
deposited  by magnetron  sputtering  are  chemically  homogenous.  The  ﬁlm  roughness  evaluated  by  atomic
force  spectroscopy  (AFM)  on  the TNTZ-Cu  8.3  at.% Cu  sample  presented  an  RMS-value  of 20.1  nm  being
the  highest  RMS of any  Cu-sputtered  TNTZ  sample.  The  implication  of  the  RMS  value  found  for  this  sample
leading  to  the fastest  interfacial  bacterial  inactivation  kinetics  is  also  discussed.  Values  for  the  Young’s
modulus  and  hardness  are  reported  for the  TNTZ  ﬁlms  in  the presence  of  various  Cu-contents.  Evaluation
of  the  bacterial  inactivation  kinetics  of  E.  coli  under  low  intensity  actinic  hospital  light and  in  the  dark.  coli inactivation
iointerface
etallic ions-release
was  carried  out.  The  stable  repetitive  bacterial  inactivation  was  consistent  with  the  extremely  low  Cu-ion
release  from  the  samples  of 0.4 ppb.  Evidence  is  presented  by  the  bacterial  inactivation  dependence  on
the  applied  light  intensity  for  the intervention  of Cu  as  semiconductor  CuO  during  the  bacterial  inacti-
vation  at  the  TNTZ-Cu  interface.  The  mechanism  of  CuO-intervention  under  light  is  suggested  based  on
the  pH/and  potential  changes  registered  during  bacterial  disinfection.
©  2017  Elsevier  B.V.  All  rights  reserved.. Introduction
Titanium alloys are widely used in biomedical applications due
o their lightness, low Young’s modulus (ratio between stress and
train in a material), high strength, excellent biocompatibility and
orrosion resistance [1,2]. These properties depend on the alloy
hemical composition and stability [3]. -type titanium alloys
resent a low Young’s modulus due to the low density of the body-
entered cubic (bcc) structure. In addition, they are known for their
esistance to stress corrosion and to hydrogen embrittlement [4].
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∗∗ Corresponding author at: Ecole Polytechnique Fédérale de Lausanne, EPFL-SB-
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927-7765/© 2017 Elsevier B.V. All rights reserved.Research on the -type titanium alloys containing non-toxic ele-
ments and non-allergic properties has increased rapidly during the
past decade. The objective of this research has been to enhance
their mechanical properties and super-elastic performance [2–5].
Recently, several quaternary bulk alloys Ti-Nb-Zr-Ta have been
developed for use in the biomedical ﬁeld [6,7]. Among these alloys,
the multifunctional Ti-23Nb-0.7Ta-2Zr-1.2O alloy (the composi-
tion is in atomic%), called “Gum metal” showed super-elastoplastic
behavior at room temperature, high strength and low Young’s mod-
ulus and was  ﬁrst reported by Saito et al. [8].
Super-elastic thin ﬁlms can be used for medical applications
and/or micro-actuation. For example, the fabrication of stents for
neuro-vascular blood vessels and membrane-based micro-pumps
employ materials with a high super-elasticity [9].In the present work, gum metal thin ﬁlms (GMTF) doped with
copper (TNTZ-Cu) were dc magnetron co-sputtered from an alloy-
ing target Ti-23Nb-0.7Ta-2Zr (at.%) and a pure Cu target. Previous
studies [10–12] show that Cu-ions are responsible for the inacti-
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Fig. 1. Distribution of the Ti, Nb, Zr, Ta and Cu in
Table 1
Chemical composition of TNTZ-(Cu)x thin ﬁlms (at.%).
Sample TNTZ target Ti Nb Ta Zr Cu
Current (A) Power (W)
TNTZ 0.96 228 81.1 17.4 0.6 0.9 0
TNTZ-(Cu)4 1.71 441 77.2 16.8 0.9 1.1 4.0
TNTZ-(Cu)7 1.46 376 74.6 16.4 0.9 1.1 7.0
TNTZ-(Cu)8 1.20 309 73.5 16.2 1.0 1.0 8.3
TNTZ-(Cu)12 0.96 247 69.0 16.1 1.2 0.9 12.8
TNTZ-(Cu)18 0.71 171 62.5 16.1 1.8 1.0 18.6
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transferred into a sterile tube containing NaCl/KCl saline solution
and subsequently mixed thoroughly using a Vortex for 2 min. Serialation of bacteria (e.g.; E. coli). Many copper-based coatings e.g.;
iO2-Cu and Cu, Ti, Nb and their oxides were developed and inves-
igated for their antibacterial properties. Achache et al. [13,14]
ave recently reported the mechanical properties of super-elastic
i-based gum metal thin ﬁlms showing increased bacterial inacti-
ation properties and biocompatibility [15,16].
The present study focuses on the effect of copper content on
he structure, morphology and mechanical properties of these as-
eposited ﬁlms. Composition, structure, morphology, hardness and
oung’s modulus are reported. The bactericidal activity of the sput-
ered ﬁlms is evaluated for different samples in the dark and under
ight irradiation. The interfacial interaction, potential and pH on the
puttered ﬁlms are reported within the disinfection time for these
nnovative TNZT-Cu coatings.
. Experimental details
.1. Deposition of TNZT-(Cu) ﬁlms: procedures
Gum metal thin ﬁlms (GMTF) were deposited on glass and
ilicon substrates at room temperature by dc magnetron sput-
ering from two targets: Ti-23Nb-0.7Ta-2Zr (at.%) and pure Cu.
upplementary material 1 shows two similar magnetrons joined
o rectangular targets 200 × 100 × 6 mm in size. The chamber was
vacuated down to a pressure of 4 × 10−4 Pa. The target to sample
istance was kept constant at 8 cm.  After initial optimization, sput-
ering was carried out for 2 h leading to ﬁlms with thickness in the
ange 1–2 m.  The sample holder rotation speed was set at 12 rpm.
he working pressure was kept at 0.85 Pa using constant argon ﬂow
ate of 80 sccm. The substrates’ bias voltage was −150 V (RF power
upply, 40 W,  frequency 13.56 MHz). The TNTZ-Cu thin ﬁlms were
eposited applying a constant discharge current of 0.04 A (522 V,
1 W)  to the Cu target. The TNTZ target current was  varied between
.71 A and 1.71 A as shown in Table 1. ﬁlms: a) TNTZ-(Cu)4 and b) TNTZ-(Cu)8.
2.2. Physico-chemical characterization of the sample surface
properties by EDX, SEM, AFM, XRD and nanoindentation
The chemical composition and distribution of the Ti, Nb, Zr, Ta
and Cu in the GMTF were obtained by Energy Dispersive X-ray Spec-
troscopy (EDX). The TNZT-Cu cross-section images were obtained
by scanning electron microscope (SEM) in a Hitachi SU8030 elec-
tron microscope. The chemical composition was quantiﬁed by
Quantax Esprit software. For each sample, the measurement was
carried out on multiple zones of the sample showing signiﬁ-
cant homogeneity. The elements spectra were acquired from SEM
images applying a high accelerating voltage of 20 KV and a pressure
vacuum of 10−4 Pa considering: 60 kcps count mode, 40 KeV acqui-
sition range and 2 kcps initial counting rate. The surface topography
and RMS  roughness of the thin ﬁlms were obtained by atomic force
microscopy (Agilent Technologies 5100 AFM). The AFM 3D-images
were acquired in non-contact mode at the resonance frequency of
the silicon tip and with set point ﬁxed at 10% of the maximum
amplitude. We  used an ultra-sharp silicon tip with a shape factor
adapted to the morphology of the sample. Images of 256 × 256 pix-
els were indexed with a scanning speed of 0.4 s/line (acquisition of
256 points/line).
The crystallographic structure of the samples was  investigated
by X-ray diffraction (XRD) by means of a Bruker D8 Advance instru-
ment (CuK radiation line). Young’s modulus and hardness were
obtained by means of a Nano Indenter XP, MTS  Systems Corpo-
ration with continuous stiffness measurement (CSM) provided for
with a three-sided pyramidal diamond tip (Berkovitch). The aver-
age of ten indents was  taken to determine the values of hardness
and Young’s modulus. The penetration depth was kept <10% of the
ﬁlm thickness, to minimize the effect of the substrate stiffness.
2.3. Bacterial inactivation, irradiation procedures, interfacial
surface potential/pH and ion-release evaluated by inductively
coupled plasma mass-spectrometry (ICPMS–MS)
Escherichia coli (E. coli K12) was obtained from the Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ),
Braunschweig (Germany). Coatings’ surfaces were sterilized by
keeping them in an oven at 80 ◦C overnight. 100 L culture aliquots
with an initial concentration of 3 × 106 CFU mL−1 in NaCl/KCl
(8/0.8 g/L−1, pH 7.2) were placed on the coated and uncoated (con-
trol) samples. Experiments were run at room temperature and the
samples were placed on glass Petri dishes provided with a lid to
prevent evaporation during illumination. Then, the samples weredilutions were made in NaCl/KCl solution. A 100 L sample of each
dilution was pipetted onto a nutrient agar plate and spread over the
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urface of the plate using the standard plate method. Agar plates
ere incubated lid down, at 37 ◦C for 24 h before the CFU count-ng. Three independent assays were done for each sample. The
tatistical analysis of the results was performed for the CFU values
alculating the standard deviation (n = 5%). The average values were
ompared by one-way analysis of variance with the values of sta-TZ-ﬁlms with different Cu at.%.
tistical signiﬁcance. Irradiation of the samples was carried out in a
cavity provided with tubular actinic Osram Lumilux 18W/827 emit-
2ting in the range 360–700 nm with an integral output of 5 mW/cm
as measured by Global and UV radiometer Kipp & Zonen Mod. CM3
and CUV3.
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Fig. 3. Atomic fore microscopy (AFM) in 3 dimensions of TNTZ and TNTZ-(Cu)x ﬁlms.
Table 2
Mechanical properties of TNTZ-(Cu)x thin ﬁlms.
Sample E (GPa) SD (E) Hardness (Gpa) SD (H)
TNTZ 96.7 10 4.59 0.96
TNTZ-(Cu)4 94.3 18.2 4.35 1.47
TNTZ-(Cu)7 76.6 24.1 2.98 1.37
TNTZ-(Cu)8 91.0 21.6 4.58 1.94A. Alhussein et al. / Colloids and Surf
The interfacial potential and pH were followed on a Jenco 6230N
icro-electrode, San Diego, USA (provided for with a micropro-
essor and a RS-232-C IBM interface). The redox potential and
H were measured using the nano-volt/micro-Ohm meter with
latinum electrodes and the pH of the sputtered surface. The pH
eter was able to record the pH-changes in the seconds scale
ith a high degree of pH sensitivity of 0.01 pH units. The electrode
as immersed in the bacterial suspension on the sample and the
easurements were taken after a suitable delay required for the
easurement stabilization.
A FinniganTM Inductive coupled plasma mass spectrometer (ICP-
S)  was used to detect the Ti, Nb, Ta, Zr and Cu released during the
acterial loss of viability runs. This instrument was  equipped with
 double focusing reverse geometry mass spectrometer having an
xtremely low background signal and high ion-transmission coef-
cient. The spectral signal resolution was 1.2 × 105 cps/ppb and the
etection limit of 0.2 ppb.
. Results and discussions
.1. EDX determination of the ﬁlm composition and surface
istribution
Table 1 shows the chemical compositions of the TNTZ-(Cu)x
lms as determined by EDX. The chemical homogeneity of the ﬁlms
s shown in Fig. 1. The copper content is controlled via the discharge
urrent applied to the TNTZ target. The Cu target current was kept
onstant at 0.04 A during all the deposition processes of TNTZ-(Cu)
lms. This method was  used because of the high sputter yield of
opper compared to that of other elements.
From Table 1, it can be seen that chemical composition in the
NTZ-(Cu)x ﬁlms are not similar to those in the Ti-23Nb-0.7Ta-2Zr
at.%) target. Increasing the current applied to the TNTZ target leads
o rise the Ti content in the ﬁlm. The Cu content in the ﬁlm is bal-
nced with that of the Ti. The low Nb and Zr contents in the ﬁlms
respectively ∼16 at.% and 1 at.%) compared to that of the target
respectively ∼23 at.% and 2 at.%) could be due to the re-sputtering
f these elements by the argon ions when the bias was  kept at a
igh level (−150 V) while the Cu-content increased up to 18.6 at.%
nd the Ti-content decreased from 81.1 at.% to 62.5 at.%.
Fig. 1 represents the distribution of the elements in ﬁlms TNTZ-
Cu)4 and TNTZ-(Cu)8 with the values shown in Table 1. The Ti,
b, Ta, Zr and Cu identiﬁed with different colors in Fig. 1 are seen
o be homogeneously distributed in both cases on the ﬁlm sur-
ace as expected for coatings deposited by a standard magnetron
puttering method.
.2. Morphology and surface topography of ﬁlms observed by
EM and AFM
Fig. 2 shows fractured cross-sectional SEM images of 4 sput-
ered TNTZ-(Cu) samples with different amounts of Cu. The ﬁlms
resent a columnar morphology due to the high deposition pres-
ure (0.85 Pa) leading to a loss of adatoms energy and surface
obility as a consequence of the collision with argon-ions in the
lasma (see Experimental details).
Fig. 3 shows the topography of the samples using atomic force
icroscopy (AFM). The 3D surface mappings of the TNTZ-(Cu) ﬁlms
re presented. The roughness (RMS) and the roughness average
alues of the six different TNTZ-(Cu)x samples are presented in
upplementary material 2. The RMS  values quantiﬁed the vertical
eviations of a real surface from its ideal form and provide a mea-
ure of the surface roughness (see Fig. 3). The TNTZ-(Cu)8 sample
resenting an RMS  roughness of 20.1 nm leads to the fastest bac-
erial inactivation (see Section 3.4). The topographic AFM contourTNTZ-(Cu)12 100.4 22.8 6.17 2.11
TNTZ-(Cu)18 104.2 1.7 6.37 0.19
in this case was  made up by deep and wide valleys to accommo-
date the E. coli bacteria compared to the TNTZ samples with an RMS
roughness value of only 7.38 nm.  This RMS  value indicates that the
AFM contour was  made up of close peaks at relatively small dis-
tances to each other. The implications for the bacterial inactivation
kinetics will be addressed in detail when discussing the bacterial
interaction with the TNTZ-(Cu)x surfaces in Section 3.5. The sample
roughness will be shown to play an important role in determin-
ing the time of E. coli inactivation and is a measure on how the
TNTZ-(Cu)x samples interacts with its environment.
3.3. Microstructure, Young’s modulus and hardness
Fig. 4a clearly shows that the ﬁlms are single phased with the
-Ti BCC structure. The broadening of the (110) peak suggests a
decrease of the mean grains size when the copper content increases.
This broadening of the TNTZ-(Cu)x peaks becomes more signiﬁ-
cant for samples with a Cu content of 12.8 at.% or higher leading to
samples presenting a quasi-amorphous structure.
The mechanical properties obtained from nano-indentation
measurements of TNTZ and TNTZ-(Cu)x ﬁlms are shown in Table 2.
Fig. 4b represents the variation of TNTZ-(Cu)x ﬁlms properties in
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cig. 4. a) X-ray diffraction (XRD) spectrograms of TNTZ-(Cu)x of samples presenting 
opper  contents as noted in the x-axis.
erms of Young’s modulus (E) and hardness (H) as a function of the
opper content. E and H vary respectively in the range 77–104 GPa
nd 3–6.4 GPa by increasing Cu content up to 18.6 at.%. E and H
ecrease up to a copper content of ∼7%, and increase above. Increas-
ng Young’s modulus and hardness of TNTZ thin ﬁlm, containing
ore than 7 at.% of copper may  be assigned to the formation of an
morphous phase. It is readily seen from Table 2 and Fig. 4a and
 that the TNTZ-(Cu)18 quasi-amorphous has the highest E and H
alues.
.4. Bacterial inactivation and ions release as detected by ICP–MS
Fig. 5a shows the antibacterial activity of TNTZ and TNTZ-
Cu)x samples. Cu added to the TNTZ-microstructure as shown in
ig. 5a led to an acceleration of the bacterial inactivation kinetics.
ig. 5a, trace 1) induced the fastest bacterial degradation kinet-
cs. TNTZ-(Cu)8 with an 8.3 at% Cu-content contains the highest
mount of Cu-sites in exposed positions interacting with bacte-
ia. Fig. 5a, traces 3) and 4) with a higher Cu content of 12.8 at.%
nd 18.6 at.% respectively compared to the TNTZ-(Cu)8 sample led
o a slower degradation kinetics. The slower degradation kinetics
ould be rationalized by the following observations: a) that thes copper contents. b) Young’s modulus and hardness of TNTZ-(Cu)x ﬁlms presenting
Cu-concentration would be lower at surface level decreasing the
number of catalytic sites interacting with bacteria, b) the higher
doping of Cu% changes the microstructure of the ﬁlm hindering the
diffusion of charges leading to bacterial inactivation. On  thicker
coatings, the surface Cu-ions would decrease due to the inward
back diffusion towards the substrate. These Cu-ions play a major
role in the electrostatic interaction of the TNTZ-(Cu)x with bacteria,
c) the TNTZ-(Cu)8 presents an RMS  roughness of 20.8 nm,  this is the
largest RMNS value of all the NTNZT-ﬁlms. A higher RMS  means that
this surface is made up by higher density peaks leading to accom-
modate/interact with E. coli compared to the rest of the TNTZ-ﬁlms
(see Supplementary material 2) and d) the XRD-spectrograms in
Fig. 4a show that a Cu presence >8.3% led to a lost in sample crys-
tallinity which plays an important role in the microstructure of
the samples leading to bacterial inactivation. Fig. 5a, traces 2) and
5) shows those samples with a Cu content below 4 at.% induce a
slower bacterial inactivation of E. coli possibly due to the lower
Cu-content present in these samples compared to the TNTZ-(Cu)8
sample. The TNTZ sample in Fig. 5a, trace 6) shows almost no bac-
terial inactivation under light as it was  the case for the TNTZ-(Cu)8
sample in the dark. Generally, the interactions between coating and
bacteria have been shown to depend on the contact surface size,
A. Alhussein et al. / Colloids and Surfaces B
Fig. 5. a E. coli inactivation on TNTZ-(Cu)x under actinic Osram Lumilux 18/827
light (5 mW/cm2): 1) TNTZ-(Cu)8 Cu 8.32%, 2) TNTZ-(Cu)7 Cu 7.02%, 3) TNTZ-(Cu)12
Cu 12.80%, 4) TNTZ-(Cu)18 Cu 18.59%, 5) TNTZ-(Cu)4 Cu 4.04%, 6) TNTZ, Cu zero% and
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b)  TNTZ-(Cu)8 Cu 8.32% in the dark. Error bars: standard deviation (n = 5%). b E. coli
nactivation on TNTZ-(Cu)8 up to 5 cycles under similar experimental conditions as
sed in Fig. 5a. Error bars: standard deviation (n = 5%).
edox potentials and hydrophilic-hydrophobic properties [10,11].
n this study we have shown that the RMS  roughness (Fig. 3/discus-
ion) and the crystallization degree of TNTZ-(Cu) obtained by XRD
Fig. 4a/discussion) play an important role controlling the activity
f the TNTZ-(Cu)x surface leading to bacterial inactivation [15].
Fig. 5b shows the recycling up to the 5th cycle of the TNTZ-
Cu)8 leading to bacterial inactivation presenting a stable repetitive
inetics. By Inductive coupled plasma mass-spectrometry (ICP–MS)
t is shown that a sample TNTZ-(Cu)8 after the 5th cycle releases
nly 0.4 ppb (see Supplementary material 3). This amount is far
elow the cytotoxic level causing damage to mammalian cell as
eported recently [16,17]. The Cu-release in the ppb-range allows
or a stable performance of this photocatalyst during repetitive bac-
erial inactivation. Moreover, the interaction between the Cu-ions
nd the bacteria seems to proceed through an oligodynamic effect.
he oligodynamic effect consists of bactericide effect induced by an
xtremely low concentration of metal/metal-ion [18,19].
The formation of TiO2 and concomitantly ZrO2, Nb2O5 and Ta2O5
n the glass with TNTZ-(Cu)8 is due to two different effects: a) the
artial oxidation of Ti in the sputtering chamber in the presence of
n oxygen source. The residual H2O vapor in a sputtering chamber
t the pressure of Presidual = 4 × 10−4 Pa (as noted in the experimen-
al part Section 2.1) is the source of the O2. This pressure allows for
he presence of ∼1015 molecules/cm2 of H2O. This is equivalent to
 monolayer of water sufﬁcient to generate the O2 to oxidize the
i-sputtered thin ﬁlm to TiO2 and b) the ﬁlms also oxidize after the
puttering is over when exposed to air. In addition, autoclaving at
21 ◦C during the sterilization process prior to the use of the coating
eads to surface oxidation.
In the presence of Ti, Nb, Zr and Cu-oxides, the bacterial inactiva-
ion on the TNTZ-(Cu)8 photocatalyst showed an increase with the
pplied light intensity (see Supplementary material 4). This lends
urther support for the TNTZ-(Cu)8 composite behaving as a semi-
onductor. The photo-induced generation of charges increases with
 higher light intensity. Cu added to TNZT drastically accelerates the
acterial inactivation as shown in Fig. 5a, trace (1) compared to the
ata shown in Fig. 5a, trace (6) for TNZT without any Cu-doping. A
impliﬁed mechanism on TNTZ-(Cu)x leading to bacterial inactiva-
ion, can be suggested considering CuO as a semiconductor and not
ased on the Cu content in the TNTZ-(Cu)x in Table 1. An increase in: Biointerfaces 152 (2017) 152–158 157
the Cu-percentage in TNTZ-(Cu)x did not lead to an acceleration of
the bacterial inactivation kinetics as shown in Fig. 5a. If this would
be the case, the amount of Cu-charged species (ions) in eq.(1) would
increase with a bigger Cu amount. This was not observed.
Visible light photons reaching the TNTZ-CuOx lead to the reac-
tion (1) being CuO a p-type semiconductor with a band-gap of 1.7 eV
(cb −0.3 eV and bg 1.4 eV SCE) [20]:
CuO + light < 660 nm → CuOe−cb + CuOh+vb (1)
A simpliﬁed mechanism can be suggested for the generation
of highly oxidative intermediates following Eq. (1). In Eq. (1), e-
cb refers to conduction band electron and h + vb refers to valence
band hole in CuO. The photo-induced CuOe-cb electron reacts with
O2 leading to O2− as noted in Eq. (2) or reduce Cu2+ in the CuO
lattice to Cu+ Eq. (3) [21–23]:
CuO(e−cb) + O2 → CuO + O−2 (2)
CuO(e−cb) → (Cu+O)− (3)
Additional O2− radicals may  also be generated as noted in Eq.
(4) [24]:
CuO(Cu+) + O2 → CuO(Cu2+) + O−2 (4)
The O−2 in Eq. (4) leads to the HO2• radicals shown in Eq. (5):
H+ + O2− ⇔ HO2•(partialO−2)pKa = 4.8 (5)
The Cu-leaching during bacterial inactivation was negligible as
reported previously by ICP-MS (Supplementary material 3). This
suggest that Eq. (3) is much faster compared to the CuO dissolution
noted in reaction (6):
CuO(Cu+) → CuOvacancy + Cu+ (6)
The mechanism in Eqs. ((1)–(6)) suggests the generation of
oxidative radicals by oxidized TNTZ under band-gaps irradiation.
We tried to identify the reactive species responsible for the bac-
terial oxidation on the TNTZ-Cu surface. The results were unclear
since the used scavengers may  interact differently with the present
species on the surface. For example, EDTA has repeatedly been used
as hole-scavenger in the case of TiO2 photocatalysis. But it may  not
play the same role in the case of copper oxide when scavenging
the CuOh+vb in reaction (1) [21,22]. Therefore, we cannot identify
unambiguously the electronic hole (h+) in reaction (1). Semicon-
ductor sputtered surfaces activity leading to bacterial inactivation
under light and in the dark has been recently reported by studies
addressing TiO2 and CuO [23–25] and by ZrO2 and Ta2O5 mediated
bacterial inactivation [26].
3.5. Surface potential and pH in situ determination during
bacterial disinfection
Fig. 6a shows that during the period of bacterial inactivation
under actinic light irradiation the pH of 6.85 decreases to 6.41
within 20 min. This is due to the production of long-lived carboxylic
acids intermediates during bacterial oxidation on TNTZ-(Cu)8%. The
short chain carboxylic acids (branched or not) generated during
the bacterial inactivation presented a pKa ∼3. Subsequently, the
pH increases to 6.81 when the carboxylic acids decompose gener-
ating CO2. The change in pH was  close to a ﬁve-fold increase in the
concentrations of H+ as shown in the right hand y-axis in Fig. 6a.
But after 20 min, the pH increases again up to a pH ∼6.81 when
the carboxylic acids are being mineralized to CO2. This is the ﬁnal
step in the mineralization of organic compounds by the way of the
photo-Kolbe reaction [27,28]. In the dark, the pH values during the
bacterial inactivation on TNTZ-(Cu)8% did not signiﬁcantly vary and
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[26] O. Baghriche, S. Rtimi, A. Zertal, C. Pulgarin, R. Sanjinés, J. Kiwi, Appl. Catal. Big. 6. Surface potential and pH during E. coli inactivation on TNTZ-(Cu)8 under: a)
ight (5 mW/cm2) and b) in the dark.
ecreased from 6.92 to 6.79 as shown in Fig. 6b due to the slow bac-
ericidal activity in the dark. This was shown by the reduction of
he CFU/ml reported in Fig. 5a.
The interfacial potential of the TNTZ-(Cu)8% sputtered ﬁlm
ecreases during bacterial oxidation as shown in Fig. 6a. This leads
o the increase of permeability of the outer cell-wall allowing the
eak of K+, Cl−, and Na+. The increase in cell wall permeability pre-
ludes a normal exchange of vital ions in and out of the cytoplasm.
he interfacial potential changes under light were more signiﬁcant
ompared to the changes in the dark, which were seen to be small.
. Conclusions
Super-elastic titanium based thin ﬁlms TNTZ-(Cu) were
eposited by DC magnetron sputtering (DCMS). These ﬁlms con-
ained amounts of copper varying from 4 to 18.6 at.%. The formation
f Ti,Nb, Zr and Ta-oxides was explained based on the experimental
onditions used in the sputtering chamber. The variation of cop-
er percentage from 4 to 18.6 at.% inﬂuences the Young’s modulus
nd hardness of the TNTZ-(Cu)x gum metal ﬁlms. It seems that
ormation of an amorphous phase leads to increasing mechanical
roperties. The columnar morphology of TNTZ-(Cu)8 obtained by
EM in the sputtered ﬁlms was due to the high deposition pressure
n the magnetron chamber. TNTZ-ﬁlms with a copper content of 8.3
t.% showed the fastest bactericidal activity under low intensity
ctinic/indoor light. The bacterial fast inactivation kinetics found
y the TNTZ-(Cu)8 was correlated to the at.% Cu, the RMS and the
[
[: Biointerfaces 152 (2017) 152–158
Cu-crystal lattice detected by XRD making this material. The mech-
anism of bacterial inactivation seems to involve an oligodynamic
effect due to the small amount of ions released during disinfection
detected by ICP-MS. The antibacterial performance of these ﬁlms
suggests a potential application in hospitals, health care facilities,
implants, schools and public places.
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